Quantifying soil water storage, mixing, and release via recharge, transpiration, and evaporation is essential for a better understanding of critical zone processes. variability reflected the seasonality of the precipitation input signal. However, pronounced differences among sampling locations occurred regarding the isotopic fractionation due to evaporation. We found that antecedent precipitation volumes mainly governed the fractionation signal, temperature and evaporation rates were of secondary importance, and soil moisture played only a minor role in the variability of soil water evaporation fractionation across the hydroclimatic gradient. We further observed that soil waters beneath conifer trees were more fractionated than beneath heather shrubs or red oak trees, indicating higher soil evaporation rates in coniferous forests. Sampling locations closer to streams were more damped and depleted in their stable isotopic composition than hillslope sites, revealing increased subsurface mixing towards the saturated zone and a preferential recharge of winter precipitation. Bulk soil waters generally comprised a high share of waters older than 14 days, which
H and
18 O of soil water, precipitation, and groundwater) and hydrometric (soil moisture) data from 5 long-term experimental catchments along a hydroclimatic gradient across northern latitudes: Dry Creek (USA), Bruntland Burn (Scotland), Dorset (Canada), Krycklan (Sweden), and Wolf Creek (Canada). Within each catchment, 6 to 11 isotope sampling campaigns occurred at 2 to 4 sampling locations over at least 1 year. Analysis for 2 H and 18 O in the bulk pore water was done for >2,500 soil samples either by cryogenic extraction (Dry Creek) or by direct equilibration (other sites). The results showed a similar general pattern that soil water isotope variability reflected the seasonality of the precipitation input signal. However, pronounced differences among sampling locations occurred regarding the isotopic fractionation due to evaporation. We found that antecedent precipitation volumes mainly governed the fractionation signal, temperature and evaporation rates were of secondary importance, and soil moisture played only a minor role in the variability of soil water evaporation fractionation across the hydroclimatic gradient. We further observed that soil waters beneath conifer trees were more fractionated than beneath heather shrubs or red oak trees, indicating higher soil evaporation rates in coniferous forests. Sampling locations closer to streams were more damped and depleted in their stable isotopic composition than hillslope sites, revealing increased subsurface mixing towards the saturated zone and a preferential recharge of winter precipitation. Bulk soil waters generally comprised a high share of waters older than 14 days, which
indicates that the water in soil pores are usually not fully replaced by recent infiltration events. The presented stable isotope data of soil water were, thus, a useful tool to track the spatial variability of water fluxes within and from the critical zone. Such data provide invaluable information to improve the representation of critical zone processes in spatially distributed hydrological models.
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| INTRODUCTION
The critical zone is a key determinant of partitioning precipitation into evaporation, transpiration, groundwater recharge, and soil water storage . Investigating water storage, mixing, and release in the unsaturated soil between the atmosphere and groundwater is therefore crucial for the understanding of processes and interactions within the hydrological cycle (Grant & Dietrich, 2017) .
The function of the critical zone in providing water for vegetation growth and recharging groundwater resources is increasingly relevant because of observed and projected changes in rain and snow patterns due to climate change (Hartmann et al., 2013) and/or changes in vegetation cover due to land management (Smith et al., 2016) .
Environments north of 40°N are projected to be most affected by a temperature increase due to climate change (Serreze & Barry, 2011) , which can alter snow fall/melt dynamics, soil moisture, and vegetation growth in these regions (Holtmeier & Broll, 2005; Xu et al., 2013) . As these changes affect the water dynamics of the critical zone in northern latitudes, there is an urgent need for a better understanding of the hydrological processes involved (Tetzlaff et al., 2013) .
The upper critical zone, as the interface between soil, vegetation, and atmosphere, plays a key role in mediating evapotranspiration and recharge dynamics. Consequently, as vegetation and atmospheric drivers change, the physical understanding of how these drivers affect hydrological processes are pivotal to assess future changes of the critical zone water balance .
Because predictions of such water balance changes in the critical zone are usually based on hydrological models, we need a sound understanding of the relevant hydrological processes involved to adequately conceptualize them in models in a physically realistic way (Clark et al., 2016) . In addition to the hydraulic response of a system (celerity, e.g., measured in soil moisture), tracers such as stable isotopes of water (   2   H and   18 O) are known to be particularly valuable, because they provide insight into the velocity of water particles and transport processes (McDonnell & Beven, 2014) . Accounting for flow velocities enables estimation of water ages (travel times, residence times) in the critical zone, which are of particular interest for contamination transport (e.g., Sprenger, Erhardt, Riedel, & Weiler, 2016) and weathering rates (Maher, 2010) . In this regard, the common assumption in tracer-aided hydrological modelling that soils are well-mixed systems is rarely the case in nature (Fenicia et al., 2010; McMillan, 2012) , especially when considering the influence of evapotranspiration on the age of run-off (van der Velde et al., 2015) .
Previously, field data of stable isotopes of bulk soil water revealed that the water in the unsaturated zone is of varying age (Sprenger, Seeger, Blume, & Weiler, 2016) and that the soil water isotope compositions vary markedly in near-surface soil where vegetationatmosphere interactions occur (see review by Sprenger, Leistert, Gimbel, & Weiler, 2016) . A global analysis by Evaristo, Jasechko, and McDonnell (2015) However, because these studies were limited to single catchments, comparison of how atmospheric conditions and vegetation properties impact the storage, mixing, and fluxes of water in the critical zone at different sites across the northern latitudes is still missing . We address therefore the following open questions in our study:
• How do atmospheric conditions across a hydroclimatic gradient affect the dynamics of the stable isotopic composition of soil waters?
• Which role do vegetation, topography, and elevation play in storage, mixing, and flux of water in the critical zone in northern environments?
Our objective is to bring together stable isotope data from five long-term experimental, higher latitude catchments spanning a hydroclimatic gradient regarding their temperature and wetness. We explain their soil water isotope variability in space and time in relation to the environmental conditions. We further present differences and similarities in soil water mixing, percolation, and evaporation based on the isotopic signals in soil waters at sampling locations that differ in their vegetation cover, topographic position, and elevation. The comparative study reveals the potential for stable isotopes to serve as a tracer to track water through the critical zone.
| METHODS

| Study sites
The study sites are five long-term experimental catchments span- (Tetzlaff, Buttle, Carey, van Huijgevoort, et al., 2015) . For the current study, we focus on the description of the climate and the differences of the sampling locations regarding their soil, vegetation, and topographical features (Table 1) .
Climatic conditions range from cold arid climate with dry summers (Bsk, according to the updated Köppen-Geiger climate classification by Kottek, Grieser, Beck, Rudolf, and Rubel (2006) (Table 1) .
The soils at Dry Creek are loam to sandy loam soils that developed on granite (Tesfa, Tarboton, Chandler, & McNamara, 2010 
| Available data
Soil sampling for the stable isotope analyses occurred between 6 and 11 times at each location over at least 1 year ( Sprenger, Tetzlaff, and Soulsby (2017b) and for the Canadian samples analysed at the University of Saskatchewan was described by Hendry, Schmeling, Wassenaar, Barbour, and Pratt (2015) . The general procedure for the directequilibration method was as follows: disturbed soil samples were stored in sealed bags, and dry air was added to the bag in the laboratory. During 2 or 3 days (University of Aberdeen and Saskatchewan, respectively) of storage at constant temperature, an isotopic equilibration between the soil water and the headspace developed, and then, the vapour of the saturated headspace was sampled directly via laser 
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LG 9 silty to sandy soils (Orlowski, Pratt, Breuer, & McDonnell, 2017; Sprenger, Herbstritt, & Weiler, 2015) , we can assume that the differences regarding the shape of the isotope depth profiles between these two methods are not significant. The soil samples analysed with the direct equilibration are more enriched in heavy isotopes than the samples analysed with the cryogenic extraction. However, the differences plot along the local meteoric water line (LMWL) in a dual-isotope plot. Both analysis methods are not limited to sampling the mobile water but generally determine the stable isotopic composition of bulk soil water (Sprenger et al., 2015) . H. All isotope data are given in delta-notation (Coplen, 2011) in reference to the Vienna standard mean ocean water.
We derived the LMWL for each catchment, describing the linear relationship between δ 2 H and δ 18 O values in precipitation samples as a regression line of slope a and the intercept b:
Water samples plotting along the LMWL in a dual isotope plot represent equilibrium fractionation (at 100% humidity) as described by Majoube (1971) . Water samples located below the LMWL are indicative of nonequilibrium (kinetic) fractionation, which occurs during evaporation in open systems at humidity below 100% (Gat & Gonfiantini, 1981) . This deviation from the LMWL was defined by Landwehr and Coplen (2006) as the line-conditioned excess (lc-excess) as follows: lc−excess ¼ δ 2 H−a * δ 18 O−b, using slope a and intercept b of the LMWL.
In addition to the isotope data, standard meteorological data including air temperature (T) and precipitation amount (P) were avail- 
| Statistical analysis
Comparisons between differences in soil water δ 2 H and lc-excess in the upper 10 cm and soil below 10 cm were done with the Wilcoxon rank sum test (Hollander & Wolfe, 1973) adjusting p values according to Holm (1979) , as the data sets were not normally distributed accord- We used multiple linear regression (MLR) to assess which variables explain the variance of the soil water lc-excess over time (over a year, spring, summer, and autumn) and space (between sampling locations). For the MLR, we derived mean values for each sampling location for lc-excess in the top 30 cm, as the upper 30 cm of soil has been shown to be most affected by evaporation fractionation (Sprenger, Leistert, et al., 2016 (Figures S4-S7) . MLR
analysis was then applied (including interaction of the predictors), and nonsignificant predictors were discarded subsequently to simplify the model. The significance of predictors was tested with analysis of variance (p < .05). The final MLR model only considered significant predictors. All the data used in the MLR were standardized to account for differences in the units and ranges of the predictors (z-scores transformation). We also tested whether using logarithmic or exponential transformation of variables improved the regression fit. The soil water lc-excess data were reciprocally transformed for the MLR conducted on the entire data set and the subset of summer samples to get normal distributions. The autumn data were not normally distributed, and also transformation did not result in normal distribution of lc-excess values. The relative importance of the explanatory parameters in the MLR model were derived according to Grömping (2006) .
To visualize relationships between potentially nonlinear and statistically nonsignificant trends, we added locally weighted scatterplot smoothing (LOWESS) curves to scatter plots (Cleveland, 1979 O) across the five catchments reflected the isotopic composition of the local precipitation input (P; Figure 2 and (Table S1 ). Soil water lc-excess dynamics at the individual sampling locations also could not be related to lc-excess P 30 , P 30 , T 30 , or VSM (Table S1) .
At all sites, the top 10 cm were significantly more enriched in both To assess the relative importance of controlling variables potentially explaining the soil water lc-excess across the sampling locations, MLR was applied to the pooled data sets. Results showed that P 7 explained 100% of the variation in soil water lc-excess when all data were considered (Table 3) . Soil water lc-excess during spring was mainly explained by P 7 (81%) and partially by T 30 (19%).
Eighty-three per cent of soil water lc-excess variability during summer could be explained by P 30 , whereas T 30 explained 17%.
Most important in explaining the soil water lc-excess in autumn was the combined effect of T 30 and VSM (35%), and both P 30 and T 30 explained about 26%, whereas VSM accounted for 9%, and the combination of P 30 and T 30 explained just 3% (Table 3) . Using logarithmic or exponential transformations for the MLR did not improve the regression fit.
| Effects of vegetation
Vegetation cover had a significant effect on the soil water isotopic composition at the Bruntland Burn sampling locations, which were of similar soil texture. Soil water beneath Scots pine was generally more enriched in heavy isotopes (median ± standard deviation δ 2 H = −50.9‰ ± 10.6‰, lc-excess = −3.6‰ ± 4.7‰) than soil water beneath heather (δ 2 H = −52.4‰ ± 9.9‰, lc-excess = −2.3‰ ± 3.6‰).
The vegetation effect on soil water δ 2 H was statistically significant in the upper 10 cm, where 80% to 90% of the fine roots are located (Figure 7a ). Regarding the lc-excess, the evaporation signal was significantly more pronounced beneath Scots pine compared with soils beneath heather, across the upper 15 cm of the profile (Figure 7b ).
At Dorset, the soil water δ 2 H beneath broad-leaved trees (Red oaks, δ 2 H = −52.2‰ ± 12.1‰) was not significantly different to soil water beneath conifer trees (δ 2 H: −53.4‰ ± 10.6‰), and soil water δ 2 H did not show a consistent pattern in the comparison between the two landscape units across the soil profile (Figure 7c ). However, the soil water lc-excess in the upper 50 cm was significantly lower beneath conifers (lc-excess = −4.1‰ ± 6.3‰) than beneath broad-leaved trees (lc-excess: −2.0‰ ± 6.5‰). The lc-excess values were consistently more negative beneath the conifers across the soil profile, but significant differences were limited to 10-15, 15-20, and 25-30 cm sampling depths (Figure 7d ).
| Effect of topography
Soil waters of sampling locations in the riparian zone at Krycklan and Wolf Creek were generally more depleted in heavy isotopes compared with the nearby upslope locations. Soil waters at S04 were significantly more depleted in δ 2 H (−88.2‰ ± 5.1‰) than at S22 At Wolf Creek, RP was significantly more depleted in its soil water δ 2 H composition (−159.8‰ ± 8.8‰) compared with the PL FIGURE 3 Soil water line-conditioned excess (lc-excess) between mid-May and end of September (growing season at the study sites) for each site divided into samples from the upper 10-cm (black lines and dark colours) and below 10-cm soil depth (bright colours and grey lines). The stars indicate significant differences between the subset at each site (Mann-Whitney U test, p < .05) location (δ 2 H = −154.6‰ ± 11.2‰). The differences across the soil profile were significant for the 30-to 40-cm depth interval, but the PL median soil water δ 2 H values were generally more enriched across the entire profile and showed higher variability (Figure 8c ).
Similar to the Krycklan locations, the soil water lc-excess did not differ significantly (PL lc-excess −5.5‰ ± 15.2‰ and RP lc-excess −8.3‰ ± 13.7‰) across the upper 40 cm nor at any particular depth.
| Effect of elevation
Soil water isotopes at the lower elevation site in Dry Creek, LG, were significantly more enriched in heavy isotopes than the higher elevation site at TL (δ 2 H = −118.1‰ ± 12.4‰ and δ 2 H = −125.3‰ ± 14.1‰, respectively). Across the soil profile, the TL soil waters were consistently depleted in δ 2 H compared with LG, but these differences were not statistically significant (Figure 9a) . However, the soil water lc- 
| Mixing processes in the subsurface
We infer mixing processes from correlation analysis between soil water δ 2 H (δ SW ) dynamics and weighted averages of the precipitation/snowmelt δ 2 H signal prior to the sampling (δ P ). The relationship between δ SW and δ P generally decreased with depth at Bruntland Burn, Dorset, Krycklan, and Wolf Creek (Figure 10 ). There was usually no correlation of δ SW with the most recent infiltrated water (P 2 ). Also, the infiltrating water over a week prior to the soil water sampling (Table S1 ).
Our study, therefore, benefitted from the unique data set of several sampling locations of varying hydro-meteorological conditions, which provided an opportunity to analyse the factors driving the FIGURE 6 Relationship between soil water line-conditioned excess (lc-excess) signal in the upper 30 cm of soil with the precipitation sum over 30 days prior to each sampling (P 30 , first column), the average temperature over the 30 days prior each sampling (T 30 , second column), and the volumetric soil moisture (VSM, third column) for all samples (first row) and for the samples taken in spring (second row), summer (third row), and autumn (fourth row). Colours represent the catchments, and the marker style represents the sampling locations within individual catchments. Coefficient of determinations (r 2 ) is given, linear best-fit lines are shown for significant regressions (p < .05), and locally weighted regressions (locally weighted scatterplot smoothing [LOWESS] filter) are plotted as dashed line TABLE 3 Results of multiple linear regression models to explain the soil water line-conditioned excess data pooled for each sampling site over different time periods: All available data, spring, summer, and autumn (as shown in Figure 6 ). The significance level for each parameter is given according to analysis of variance of the linear models Note. n.s. indicates parameters that were not significant for the model. Percentage in brackets shows the relative importance of the explanatory parameter. Note that the line-conditioned excess data were reciprocally transformed for "All data" and "Summer" to get normal distributions and that the line-conditioned excess of the samples taken in autumn was not normally distributed. VSM = volumetric soil moisture. ***p < .001. **p < .01. *p < .05. 
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O values were generally related to the respective input signal of precipitation, the dual isotope approach of using the lc-excess that describes the ratio between δ 2 H and δ 18 O revealed new insights into the isotopic fractionation due to soil evaporation.
In line with findings by Hsieh, Chadwick, Kelly, and Savin (1998) , the kinetic fractionation of stable isotopes in soil water was negatively correlated with precipitation sums and positively correlated with potential evaporation rates. However, our MLR analysis revealed the relative importance of different explanatory variables. We found that neither potential evaporation (PET 30 ) nor air temperature (T 30 ) was the most important factors to explain the lc-excess variability over time and space at the different sampling locations. Instead, antecedent precipitation (P 7 ) explained the variability of soil water lc-excess values for the entire data set. Also for the spring and summer sampling campaigns, the recent infiltration volumes (P 7 ) for spring and the infiltration over the previous month (P 30 ) for summer were with 80% the most important factors. Thus, although soil evaporation is necessary for kinetic fractionation of the soil water (lc-excess <0), the fractionation signal will be diluted by newly unfractionated precipitation input there is no linear relation between soil evaporation and the kinetic fraction signal of the bulk soil waters. This lagged response of the bulk soil waters, not only to precipitation/snowmelt infiltration but also to soil evaporation losses, is in strong contrast to the relatively quick response in the waters of the more mobile water, sampled with suction lysimeters at Bruntland Burn, Dorset, and Krycklan (Sprenger, Tetzlaff, Buttle, Laudon, Leistert, et al., 2018) . Thus, an ecohydrological separation, where mobile soil waters are isotopically different from bulk soil waters (Brooks, Barnard, Coulombe, & McDonnell, 2010) , is probably linked to different water ages. As our results show, the soil pores between 5-and 25-cm depth are usually composed of waters older than at least 2 weeks and will therefore be obviously different from recently infiltrated water, sampled with suction lysimeters. Latest simulations with a soil physical model underlined that the median water ages in the upper 10 cm of soil at the Bruntland Burn, Dorset, and Krycklan sites vary between few days and up to 50 days during the growing season .
| The role of vegetation, topography, and elevation for storage, mixing, and flux of water in the critical zone
The soil water isotope data from the five different catchments provide insights into some of the ways on how the vegetation cover, topography, and elevation influence the soil water isotope composition.
Regarding the vegetation influences found at Bruntland Burn and Dorset, the impact of an altered infiltration signal due to isotopic fractionation of the throughfall can be excluded as a comparison between stable isotopes of throughfall, and gross rainfall did not show a significant offset at these sites (Snelgrove & Buttle, 2017; Soulsby, Braun, Sprenger, Weiler, & Tetzlaff, 2017) . As isotopic fractionation was generally higher for the soil waters beneath the Scots pines compared with the soils beneath heather at Bruntland Burn, these differences can be related to less dense canopy cover, lower humidity, and higher soil-atmosphere vapour exchange in the forest (Sprenger, Tetzlaff, & Soulsby, 2017a) . Similarly, Zhang, An, Xu, Cui, and Xu (2011) also related higher atmospheric humidity due to vegetation cover to decreased isotopic fractionation of soil waters.
At Dorset, lc-excess was lower beneath the coniferous trees than beneath the broadleaf Red oak, despite limited differences between the two vegetation types in terms of canopy cover. However, the vegetation influence on the evaporation signal at both Bruntland Burn Figure 10 ), we saw that depleted winter precipitation or snowmelt is preferably recharging the riparian zone. Hence, seasonal root water uptake during the growing season affects the long-term isotope balance of the critical zone, which eventually governs the groundwater isotopic composition (slightly above the LMWL, Figure 4) . Additionally, the high organic matter content at S04 and RP results in high pore volumes, which affect the mixing processes in the riparian soils.
Our soil water samples at the plot scale support the interpretation of catchment scale isotope studies in northern latitudes and/or regions with snow cover (Jasechko, Wassenaar, & Mayer, 2017; Scheliga, Tetzlaff, Nuetzmann, & Soulsby, 2017; Sprenger, Tetzlaff, Tunaley, Dick, & Soulsby, 2017; Zapata-Rios et al., 2015) that the most intense recharge of groundwater occurs from waters depleted in heavy isotopes such as snowmelt (Dry Creek, Dorset, Krycklan, Wolf Creek) and winter rainfall (Bruntland Burn). At Dry Creek, the soil pores get filled during the snowmelt in early spring, and this melt water stays in the soil over the summer, because little precipitation occurs then. Therefore, stable isotopic composition does not show a relationship to the isotopic composition of antecedent precipitation input ( Figure 10 ). Because of this intense seasonality of precipitation/snowmelt input at Dry Creek, mixing of soil waters with newly introduced precipitation during summer is little, leading to high fractionation of the isotopes in the soil water (Figure 3 ). Our data from northern environments showed no differences between soil waters in the riparian zone and the hillslope regarding their evaporation fractionation signal. In contrast, Simonin et al. (2014) showed that the uppermost (0-5 cm) soil layer was more isotopically fractionated at the hillslopes compared with the valley bottom in a Mediterranean environment.
The effect of elevation on the isotopic signal of precipitation is well documented (e.g., Ambach, Dansgaard, Eisner, & Moller, 1968) , and this altitude effect for the Dry Creek catchment was approximately 1.8‰ depletion in δ 2 H per 100-m elevation (Tappa, Kohn, McNamara, Benner, & Flores, 2016) . This difference of the precipitation input signal between LG and TL is reflected in the soil water FIGURE 10 Correlation coefficient r of the relationship between the soil water δ 2 H at different depths and the 2-, 7-, 14-, and 30-day weighted average precipitation or snowmelt δ 2 H input (P 2 , P 7 , P 14 , and P 30 , respectively). For P 30 , also the slope of the regression between soil water δ 2 H and P 30 is given. The colour code represents the scale between −1 and 1 as given in the colour bar on the bottom left δ 2 H depth profiles (Figure 9a ). The lc-excess depth profiles are significantly different for the two sampling locations, with higher fractionated isotopic composition at the lower sampling location indicating higher soil evaporation losses. Due to the extended dry periods and relatively high temperatures during summer, the soil water fractionation extends to 70-cm depth. Therefore, contrary to the effect of vegetation, the elevation effect is not limited to the upper 30 cm but results in significant differences in lc-excess values through the deeper soil profile. We explain these differences in soil water lc-excess in terms of longer snow free periods, higher evaporation, and less precipitation at LG compared with TL (Table 1 ).
The various controls on the soil water isotopic composition emphasize the spatial in addition to the temporal variability in δ calibrate (Sprenger, Seeger, et al., 2016) or validate (Mueller et al., 2014) water flow and transport simulations with soil physical models at the profile or the hillslope scale (Windhorst, Kraft, Timbe, Frede, & Breuer, 2014) . Stable isotope data of the water in the critical zone of representative landscape units can further increase the physical realism of spatially distributed tracer-aided catchment models van Huijgevoort, Tetzlaff, Sutanudjaja, & Soulsby, 2016) . Regarding such modelling approaches, crucially, the presented data can also help to assess water age dynamics in the critical zone, as the dampening of the highly variable precipitation isotope compositions over the soil depth can be related to the travel time (DeWalle, Edwards, Swistock, Aravena, & Drimmie, 1997). It has been shown in several studies that this damping happens mostly within the upper 30 cm (reviewed in Sprenger, Leistert, et al., 2016) . Usually, the isotopic signal of mobile water (sampled with lysimeters) is used for travel time analysis in the soil (e.g., Muñoz-Villers & McDonnell, 2012; Tetzlaff et al., 2014; Timbe et al., 2014) . The data presented here are bulk soil water isotopes including pore waters of potentially older ages compared with mobile waters that were shown to have only little to no isotopic fractionation at Bruntland Burn , Dorset (Sprenger, Tetzlaff, Buttle, Laudon, Leistert, et al., 2018) , and Krycklan (Peralta-Tapia, Sponseller, . Considering the above discussed impacts of vegetation, topography, and elevation on the bulk soil water isotopic compositions, we can expect that such processes will affect the age dynamics of the soil waters, resulting in different travel time estimates than limiting the analysis to the mobile water phase .
| CONCLUSION
Stable isotope data of bulk soil waters at various locations in five catchments spanning a wide range of hydro-meteorological conditions in northern latitude environments provided a unique insight into storage, mixing, and release of waters within the upper critical zone.
We showed the benefits of examining a suite of data sets to cover a wider range of both response variables (e.g., lc-excess in top 30 cm) and predictors (e.g., P 7 , P 30 , T 30 , and VSM). Although it is expected that higher temperatures lead to higher soil evaporation that kinetically fractionates the soil water isotopes, mixing with infiltrated precipitation that is unfractionated was found to be the dominant driver of the soil water lc-excess signal among the 14 sampling locations.
The resulting memory effect in the isotopic compositions results in an evaporation fractionation of soil waters that is most intense during autumn. The observed lag between isotopic evaporation signal in the soil water and the evaporation rates lead to pronounced isotopic fractionation signals in the soil just before vegetation dormancy.
This can have important consequences for the interpretation of ecohydrological studies relating the isotopic composition of soil and vegetation water dependent on the timing and frequency of the sampling: Our findings underscore the need of sampling the shallow soils as they are most dynamic as well as considering the seasonal variability of soil water isotope compositions and their hydro-meteorological drivers.
We further showed that there are common effects of vegetation cover on the evaporation signal of soil water with more pronounced differences between soils beneath Scots pine and heather than between conifers and Red oaks. Topography was also found to affect soil water isotopes, indicating more mixing and greater contributions of older water towards stream channels. However, also in shallow soil layers, the presented bulk water generally comprised waters older than 14 days. This indicates that the pore water is usually not fully replaced by recent infiltration events, but bulk and mobile soil waters are probably of different isotopic composition and thus represent different water ages. In general, integration of such spatially variable stable isotope data can help resolve the partitioning of precipitation in the upper soil zone and improve estimates of travel times or root water uptake depths of the critical zone.
